Purpose-To investigate biomarker differences in routine preoperative blood tests performed on primary open-angle glaucoma (POAG) case and control patients presenting for anterior segment eye surgery.
retinal-specific antibodies, a variety of cytokines and growth factors, markers of oxidative stress, myocilin, hepcidin, and homocysteine, among others. [1] [2] [3] [4] [5] [6] [7] [8] [9] Because POAG is a heterogeneous disease with a multifactorial etiology, the discovery of biomarkers with clinically useful specificity and sensitivity may be challenging.
Currently, the undisputed risk factors for POAG include age, African ancestry, positive family history, and increased intraocular pressure (IOP). Other possible risk factors include myopia and decreased corneal thickness. 3, [10] [11] [12] More recently, several genetic biomarkers that underlie familial predisposition have been elucidated, including allele variants in the CDKN2BAS and SIX1/SIX6 genomic regions. 13, 14 Furthermore, genomic regions in GAS7 and TMCO1 have been found to harbor alleles relevant to IOP level and glaucoma pathology. 15 Studies have also shown a positive association between metabolic syndrome and high IOP and between measures of insulin resistance (which is an important component of metabolic syndrome) and POAG in some, but not all, studies. [16] [17] [18] [19] [20] [21] To explore whether systemic biomarkers may be candidate POAG biomarkers, we conducted a comprehensive evaluation of all routinely obtained serum biomarkers by comparing levels in POAG and cataract patients just prior to anterior segment surgery. Any differences found might help further an overall understanding of POAG pathogenesis.
Subjects and Methods
The Human Studies Committee at Massachusetts Eye and Ear Infirmary approved this study. The electronic medical records of consecutive POAG patients treated at the Glaucoma and Comprehensive Ophthalmology Service at the Massachusetts Eye and Ear (MEE) between January 2009 and February 2012 were reviewed retrospectively to identify patients who underwent (1) glaucoma surgery or glaucoma surgical revision without cataract surgery (n = 70), (2) glaucoma surgery combined with cataract extraction (n = 43), or (3) cataract extraction alone (n = 37). After identifying 150 cases, we identified 150 nonglaucomatous, age-related controls who underwent phacoemulsification cataract extraction with intraocular lens insertion during the study period. Cases and controls were selected for patients in the age range of 40-80 years.
There were no structural optic nerve criteria for POAG cases but mean cup-disc ratio for the operative eye was 0.78. All cases had visual field loss consistent with nerve fiber layer pathology on reliable tests. There were no IOP criteria for a diagnosis of POAG but known maximum IOP was extracted from the medical record.
For secondary analyses, high-tension glaucoma (HTG) cases were defined as having a known IOP >21 mm Hg in either eye at some point before surgery; normal-tension glaucoma (NTG) cases had no known IOP >21 mm Hg at any point preoperatively. All controls had known IOP <22 mm Hg and cup-disc ratio ≤0.6 (the mean cupdisc ratio for controls was 0.31).
Glaucoma suspects or those with ocular hypertension (ie, no visual field loss) were excluded from the study, as were any patients meeting the following criteria: secondary glaucoma (eg, glaucoma due to exfoliation syndrome, pigment dispersion syndrome, anterior segment neovascularization, steroid use, and iridocorneal endothelial (ICE) syndrome); congenital, developmental, and juvenile glaucoma; angle-closure glaucoma or history of occludable angles requiring laser peripheral iridotomy; or patients with a diagnosis of diabetes mellitus. Finally patients with cataracts other than age-related cataracts, such as traumatic cataract or cataracts due to steroid exposure, were also excluded.
Data Collection
The following data were collected: demographic features (age, race, sex); primary open-angle glaucoma type (high or normal-tension); glaucoma-related measurements (maximum IOP, preoperative cup-disc ratio); ophthalmological and other medical diagnosis (preoperative surgical diagnosis, other ophthalmological diagnoses, medical diagnoses); preoperative physical examination measurements of blood pressure, height, and weight, laboratory studies within 6 
Statistical Analysis
SAS (v9.2, SAS Institute, Cary, NC) was used for all statistical analysis. We assessed the difference between case and control values for each Chen-8 panel member using unpaired t tests. We performed similar univariate analyses for the relation between parameters in the CBC and POAG. Subsequently, multivariate logistic regression analyses were performed to determine if parameters that were significant in univariate analysis (specifically anion gap and red blood cell count) were independently associated with POAG. Covariates included in a multivariate model of POAG where AG was the exposure of interest included age, sex, MAP, BMI, presence of other medical problems, lab test location (MEE, Massachusetts General Hospital, or other location), time of lab draw in military format and serum Ca 2+ (because Ca 2+ can be an unaccounted cation producing low AG). Subsequently, we also included glaucoma disease severity in the model as another covariate. In another multivariate model of POAG where serum Cl − was the exposure of interest (since higher chloride levels were the source of low AG in POAG cases), all other components of the Chem-8 panel plus the covariate list above were included as covariates. Finally, in a multivariate regression model of POAG where red blood cell count was the exposure of interest we included age, sex, MAP, BMI, presence of other medical problems, lab test location, time of lab draw, white blood cell count and platelet count as covariates.
Results
Cases and controls were similar in demographic features including age, sex, and race ( Table 1 ). The majority of subjects were white, and a larger proportion of cases compared to controls were African American. A similar percentage of cases and controls were female. Approximately two-thirds of the POAG patients were HTG (97/150 [65%]) cases, and one-third were NTG cases (53/150 [35%]). MAP was slightly higher in POAG cases compared to controls.
The majority of the laboratory studies in both groups were performed at the MEE (132/150 [88%] for cases; 112/150 [75%] for controls). There were no differences between cases and controls for the white blood cell (WBC) count (6.75 ± 1.84 × 10 3 cells/ microliter in cases vs 6.85 ± 1.67 × 10 3 cells/ microliter in controls; P = 0.64) and platelet count (236.40 ± 64.24 × 10 3 cells/ microliter in cases vs 246.33 ± 63.02 × 10 3 cells/ micro-liter in controls; P = 0.18). However, circulating red blood cell (RBC) counts were significantly higher in cases versus controls (4.52 ± 0.51 × 10 6 cells/ microliter vs 4.37 ± 0.51 × 10 6 cells/ microliter, P = 0.01). Mean preoperative values and standard deviations for each parameter in the Chem-8 panel for POAG cases and controls are provided in Table 2 . Although there was a trend toward higher random blood glucose levels in POAG cases versus controls, the difference was not statistically significant (105 ± 20 mg/dl [cases] vs 102 ± 19 mg/dl [controls]; P = 0.30). The only parameters that achieved statistical significance were AG and chloride levels. There was a lower AG (calculated with potassium) in cases than controls (9.1 ± 2.7 vs 10.2 ± 3.0; P < 0.001). This was partly driven by a higher chloride level in cases than controls (106 ± 4 vs 105 ± 4 mmol/L; P = 0.004). When the AG was calculated without potassium, statistical significance was retained (P < 0.001). This AG difference in cases and controls was not accompanied by any differences in bicarbonate levels between groups (P = 0.93; Table 2 ).
Post hoc analyses were completed for laboratory chemistry values that may explain lower AG values in cases including low levels of albumin, high levels of calcium, and high levels of serum paraprotein that is positively charged at physiological pH, namely IgG (22) . Based on available data in the medical record (84 cases, 112 controls), albumin levels were essentially identical in cases and controls (4.2 ± 0.4 g/dl for both groups). Low albumin levels result in elevated calcium, which is also associated with a decreased AG. Calcium levels, which were available for every subject, were identical in cases and controls (9.5 ± 0.4 mg/dl in both groups). Serum IgG values were also extracted post hoc from the medical record (n = 17 for cases, n = 23 for controls). Univariate analysis for cases vs. controls with available values revealed a nonsignificant trend toward higher IgG in cases (1141.9 ± 283.5 vs 1028.3 ± 290.6; P = 0.22). Multivariate analysis to assess the relationship between IgG in POAG cases was not possible due to the small sample size.
In multivariate analysis (Table 3) , every unit increase in AG (accounting for serum potassium) was associated with a 10% reduced risk of POAG (odds ratio [OR] =0.90; 95% confidence interval [CI]: 0.80-1.00). In subgroup analysis, this association was driven by HTG cases (OR = 0.86; 95% CI, 0.75-0.97) because the association between AG and NTG case status (OR = 1.00; 95% CI, 0.82-1.20) was null. A separate multivariable model indicated that every 1 mmol/L Cl − was associated with a 15% increased risk of POAG (OR=1.15, 95% CI: 1.02-1.29); this association was also driven by HTG cases (OR = 1.20; 95% CI, 1.04-1.38) whereas the association between serum Cl − levels and NTG was also null (OR = 1.02; 95% CI, 0.83-1.26).
Secondary analysis also explored whether the inverse relation between AG and POAG varied by type of anterior segment surgery performed. We divided POAG cases into three groups: (1) cataract surgery alone, (2) glaucoma surgery alone, and (3) glaucoma surgery combined with cataract surgery. POAG cases requiring cataract extraction alone (n = 37) had mean AG calculated with potassium (9.5 ± 3.0) that was only slightly less than controls (10.2 ± 3.0; P = 0.2; Table 4 ). In contrast, POAG patients in the glaucoma surgery alone group (n = 70) or glaucoma surgery alone group added to the combined glaucoma-cataract surgery group (n = 113) had significantly smaller AGs compared to controls who underwent cataract surgery (mean AGs of 8.7 ± 2.5 [P = 0.0005] and 9.0 ± 2.8 [P = 0.0013], resp.; Table 4 ). Interestingly, in multivariable analysis that only considered the glaucoma surgery subgroup alone (OR = 0.86; 95% CI, 0.74-1.00; P = 0.05) or the glaucoma surgery group alone in conjunction with the combined glaucoma-cataract surgery group (OR = 0.86; 95% CI, 0.76-0.98; P = 0.02), AG remained an independent inverse predictor of POAG, suggesting that the trends noted in univariate analysis were not the result of uncontrolled confounding by age or other factors.
We also assessed whether the inverse relation between AG and POAG varied by glaucoma severity and found that 29 patients with mild stage disease based on visual field criteria had similar mean AG calculated with potassium compared to controls (10.1 ± 3.4 vs 10.2 ± 3.0 [P = 0.99]; Table 5 ). In contrast, 98 patients with severe disease had lower mean AG (8.8 ± 2.5) compared to POAG patients with mild disease (P = 0.017; Table 5 ). When disease severity was added as a covariate in multivariate analysis, AG was no longer associated with POAG (P = 0.13), suggesting that POAG patients with more severe disease were contributing to the relation between AG and POAG.
Finally, we explored whether the higher RBC count observed in POAG cases remained significant in multivariable analysis. Indeed, after controlling for age, sex, race, BMI, medical problems, lab site of analysis, time of blood draw, WBC count and platelet count, higher RBC count was associated with increased risk of POAG (OR = 1.91; 95% CI, 1.11-3.28). No case had polycythemia and no case or control had a hematological malignancy that could have skewed these results. Even when blood calcium and AG were added as covariates, the relation between higher RBC count and POAG remained essentially unchanged (OR = 1.95; 95% CI, 1.13-3.39). In subgroup analysis, this association was driven by HTG cases (OR = 1.80; 95% CI, 1.01-3.33) because the association between RBC count and NTG case status (OR = 1.80; 95% CI, 0.63-5.17) was null. Finally the association between RBC count and POAG did not vary by disease severity in both univariate and multivariable analysis (data not shown).
Discussion
Currently there is no systemic biomarker that can detect or monitor progression for POAG. This study attempted to identify potential biomarkers in routine lab draws, which have not been explored to date. In both univariate and multivariate analyses, we found that cases had a higher Cl − level and higher RBC counts than controls. With respect to blood chemistries, the higher Cl − contributed to a low AG in cases. Higher Cl− levels with low AG did not occur in isolation, prompting exploration of other possible causes for low AG. Secondary analyses suggested a trend toward higher paraprotein levels, which could account for cations that would serve as a source for the apparent high Cl− and low AG in POAG cases. 23 More research will be required to determine whether the biomarkers found in association with POAG in multivariable analysis are reproduced in another dataset. Furthermore, more research is needed to determine the source and significance of these biomarker differences.
Although neither cases nor controls had a serum AG out of the normal range, the POAG cases had a statistically significant one-unit lower AG. This finding was related in part to elevated chloride levels. A relatively lower AG among cases can be explained by an increase in unaccounted cations (including calcium and IgG, which is positively charged at physiological pH) or a decrease in anions (albumin), which offsets the seemingly high chloride levels. 23, 24 In our data hypercalcemia and hypoalbuminemia were ruled out as the source of the lower AG in cases. Lithium can serve as another source of unaccounted-for cations but different blood lithium levels between cases seems unlikely as none of our patients were using lithium to treat any disorder. 25 Monoclonal gammopathy in multiple myeloma and monoclonal gammopathy of undetermined significance is known to cause elevated IgG and a decreased AG. 26, 27 Our findings suggest that higher IgG levels in cases could be the source of the relatively low AG in cases, although more data is needed to prove this hypothesis.
The small sample size and timing of IgG values obtained in this study make it difficult to draw conclusions regarding a higher IgG levels in cases as the cause of lower AG in POAG cases. Nonetheless, investigators have speculated that a possible immune mechanism underlies glaucoma, raising the question of whether IgG is a potential biomarker for POAG. An autoimmune theory of glaucoma suggests that retinal ganglion cells stress response from ischemia and mechanical stress from high IOP leads to the production of autoantibodies. Two studies reported that patients with POAG have unique IgG antibody profiles, some of which are up regulated in aqueous humor and serum. 28, 29 On further investigation, Joachim et al 30 found unique patterns of serum IgG against ocular antigens for POAG and NTG patients compared to each other and compared to controls. The POAG group had a significant antibody profile to retinal antigens, whereas the NTG group showed a significant antibody profile to optic nerve antigens, suggesting a divergence in underlying autoimmune disease mechanisms. In another study by Joachim et al, 28 aqueous humor IgG antibody patterns were significantly different between POAG and control samples, as well as exfoliation glaucoma (EG) and control samples; yet, there was no difference between POAG and EG samples. H. pylori-specific IgG levels in aqueous humor and sera of POAG patients were significantly higher in POAG patients (14.27 ± 3.86 U/ml and 69.96 ± 9.69 U/ml, resp.) compared to controls in an investigation by Kountouras et al. 31 Further, they found that the titer of H. pylori-specific IgG positively correlated with vertical cupping and disease severity. 31 Yet other investigators found no association between H. pylori infection and incidence of POAG. 32 Not all POAG patients have positive serum IgG. For example, Maruyama et al. found only 25% of POAG patients had positive serum IgG to a specific retinal antigen. 33 Recently, Tezel et al 34 completed an immunoproteomic analysis to capture possible autoantibodies against ocular antigens and found several candidate biomarkers for glaucoma. Some investigators speculate that the autoimmune nature of POAG may be specific to NTG patients, yet our analysis suggests a trend toward lower AG was driven by HTG cases.
We considered whether glaucoma treatment itself could account for the low AG in POAG. High chloride levels can occur in patients treated with systemic carbonic anhydrase inhibitors (CAIs) for glaucoma, due to renal chloride retention in response to loss of bicarbonate. However, systemic CAIs cause a non-AG metabolic acidosis. 35, 36 Cases and controls had nearly identical mean serum bicarbonate of 28 mEq/L in our study (P = 0.93; Table 2 ); this value would be expected to be lower than 24 mEq/L if metabolic acidosis from CAI use were occurring. Similarly, the most common IOP lowering medications used in glaucoma management, topical prostaglandin analogues, are unlikely the cause of a lower AG because they have a serum half life of 45 minutes or less. 37 Furthermore topical beta blockers have no documented effect on AG. 38, 39 The most common reason for a low AG is lab error due to the use of indirect ion-selective electrodes in lab measurements, which can result in overestimation of chloride levels, especially in the presence of hypertriglyceridemia. 23, [40] [41] [42] Differential lab measurement error is unlikely to be the cause for our results since most lab values for cases and controls were obtained from the same source, there was no statistical difference between source location between cases and controls, and we controlled for the lab source in multivariate analysis. There were too few subjects with available data on triglyceride levels to assess its impact on the magnitude of the AG. While hypertriglyceridemia has been shown to decrease AG with an increase in Cl−, prior work indicates that elevated triglycerides do not contribute to higher IOP, and prospective studies do not implicate dyslipidemia as a risk factor for POAG. 23, 43 Thus there is no a priori reason to suspect that triglyceride levels were higher in POAG cases than controls.
Secondary analyses suggested that patients with disease that was more uncontrolled and more severe drove the inverse relation between AG and POAG; however, there were too few data to determine whether these trends were driven by higher IgG levels. Nevertheless, the trends are worthy of further study.
The retrospective nature of this study necessitated that indications for surgery stand as a surrogate for glaucoma control. The glaucoma severity scale used in this study suggested that the majority of patients had severe disease. Prospective studies exploring the source of the low AG in POAG more fully to determine whether disease severity tracks with the magnitude of the AG in POAG are worthwhile.
Interestingly we also found that POAG cases had higher RBC counts than compared to controls in multivariable analysis. No other blood parameter was significantly associated with POAG. There were trends toward higher hemoglobin levels and hematocrits in cases versus controls but no POAG patients had RBC counts above the normal range (5.80 million cells/microliter); rather, the difference seemed to relate to more patients in the control group having RBC counts that were in the lower range of normal or slightly below normal (data not shown). The difference between cases and controls is unlikely due to glaucoma treatment. Oral CAI use in cases would be expected to produce lower RBC counts, not higher ones. Unlike the association between AG and POAG, the association between RBC and POAG did not vary by disease severity. There are no prior reports of RBC counts in relation to POAG. This study has several limitations. The findings of a lower AG and higher RBC count were not expected, which limited subsequent analyses to explain these results. With respect to the lower AG, while calcium levels were available for all subjects, albumin levels were available on 75% of cases and 56% of controls. Also IgG levels were only available on a limited number of study participants (11% of cases; 15% of controls), and there could be residual confounding by undisclosed systemic disease that prompted the availability of those tests. Other causes of decreased AG involving unmeasured cations and anions including hypermagnesemia, and bromide, lithium, or iodide intoxication could not be studied due to insufficient values in the medical record. 23 It is also unlikely that other glaucoma medicines could have caused a lower AG in cases as discussed above but this issue can be best addressed by collecting blood prospectively from newly diagnosed POAG cases and a comparable control group. A larger sample size would allow for additional trends to reach statistical significance. The associations that were not significant may reflect inadequate power to detect associations rather than a true lack of association. Another limitation is that lab values were drawn at random times. This likely contributed to our null results for blood glucose. Fasting blood glucose levels, which are standard in diabetes diagnoses, vary less (by removing glucose fluctuations associated with meals) and may provide a more accurate depiction of the differences between cases and controls. Finally, a major limitation was the exploratory nature of evaluating the panel of routine lab draws; because a large number of biomarkers were evaluated, the association with AG and with RBC count may be due to chance and should be replicated.
The differences in AG and RBC counts between POAG cases and controls described here are modest and clearly not of diagnostic value. Nonetheless, these findings may reflect important biomarkers in glaucoma that might yield insight into disease pathophysiology.
